Epidermal growth factor-like repeats and discoidin I like domain 3 (EDIL3) is an integrin ligand which is implicated in bone metabolism and bone marrow myelopoiesis. Recently, myeloid derived suppressor cells (MDSCs) as osteoclast progenitor have been demonstrated in several kinds of cancers including breast cancer. In this paper we explored the association between tumor derived EDIL3 and MDSCs in a murine breast cancer model. Knockdown of EDIL3 in MDA-MB-231 breast cancer cells inhibited the expansion of tumor induced MDSCs in bone marrow. However, generation of bone marrow derived MDSCs in vitro was not affected by recombinant EDIL3. Osteoclastogenesis of MDSCs was dose-dependently inhibited by recombinant EDIL3 in vitro via binding to Mac-1 but not LFA-1. Moreover, in accordance with previous studies, our data showed that tumor derived EDIL3 was involved in tumor associated bone loss. The convoluted effects of EDIL3 on MDSCs compose a potential mechanism hired by tumor cells for perpetration approximately.
Introduction
In addition to various soluble factors, varied immune cells are also influential constituents of tumor microenvironment (TME) [1] [2] [3] . Among these immune cells, myeloid derived suppressor cells (MDSCs) are consider as the main components which are beneficial for tumor development and metastasis [4] [5] [6] . MDSCs attract huge attention because of their immunosuppressive trait as a heterogenetic population of immature myeloid cells [7, 8] . Characterized by expression of both CD11b and Gr1 in tumor-bearing mice, MDSCs were reported to expand in spleen, blood, and bone marrow (BM) [9, 10] . Recently, more and more evidences suggest that immunosuppressive function is not the only existed mechanism underlying the tumor promoting capacity of MDSCs [11] . Studies in immunodeficient mice have shown that MDSCs can assist tumor metastasis independent of their immunosuppressive function by promoting angiogenesis or modulating bone microenvironment [9, [12] [13] [14] . In TME, MDSCs differentiation into normal myeloid cells is hampered [15] [16] [17] , while an alternative that MDSCs can act as osteoclast progenitors is available [12, 14, 18] . However, the molecular mechanisms underlying MDSCs differentiation into osteoclasts remain unclear. Tumor cells and stromal cells are the major source of factors that determine the fate and function of MDSCs [6] .
While the mortality of breast cancer has been brought down by development of early diagnosis and emergence of new therapy strategies [19] [20] [21] [22] , treating complications and improving life quality of patients become the most urgent need, especially for advanced breast cancer patients with metastatic bone diseases [23] . The interaction between tumor cells and osteoclasts plays a critical role in the process of bone metastasis, often resulting in bone loss and bone destruction [2] . After arriving at metastasis sites, tumor cells secrete various mediators inducing activation and differentiation of osteoclasts which contribute to bone resorption, and bone destruction releases cytokines and growth factors further promoting tumor cells growth [24] [25] [26] . As new osteoclast progenitors identified recently, MDSCs are also included in this notorious "vicious cycle" which has been introduced in numerous studies [14, 18] .
Epidermal growth factor (EGF)-like repeats and discoidin Ⅰ-like domains 3 (EDIL3), also known as developmental endothelial locus-1 (Del-1), is composed of two discoidin Ⅰ-like domains and three EGF-like repeats, the second of which contains an Arg-Gly-Asp (RGD) motif binding to integrins [27, 28] . Targeting lymphocyte function-associated antigen (LFA-1; CD11a/CD18), a member of integrins family, EDIL3 inhibits LFA-1-dependent recruitment of neutrophils linking to inflammatory bone loss [29] . Besides that, the interaction between EDIL3 and Macrophage-1 antigen (Mac-1; CD11b/CD18), also named as integrin α M β 2 , impairs complement-dependent phagocytosis and modulates osteoclastogenesis, in inflammatory disease [30, 31] . In breast cancer, EDIL3 is associated with the diagnosis and outcome of patients. High expression of EDIL3 is related to early breast cancer with worse survival trend, especially in triple-negative breast cancer(TNBC) [32] [33] [34] . Moreover, EDIL3 secreted by cellular ingredients of hematopoietic stem cells (HSCs) niche is indispensable to myelopoiesis in both physiologic and pathologic conditions [35] .
Given that MDSCs were identified as novel osteoclast progenitors, we hypothesized that tumor cells derived EDIL3 regulated MDSCs expansion and affected MDSCs differentiation into osteoclast. In this work, we knocked down the expression of EDIL3 in MDA-MB-231, and then a reduction of MDSCs expansion in bone marrow was observed in a breast cancer metastasis model. But we failed to promote generation of MDSCs in vitro with recombinant EDIL3. We also found that EDIL3 reduced osteocalstogenesis of BM derived MDSCs under osteoclastogenic conditions via interaction with Mac-1 but not LFA-1. Furthermore, knockdown of EDIL3 in tumor cells promoted osteoclast differentiation and increased bone mass loss. Hence, our data suggest that EDIL3 may be an important factor employed by tumor cells to encourage MDSCs accumulation in tumor bearing host.
Material and methods

Cell cultures
A bone-trophic MDA-MB-231 (fLuc) cell line is a kind gift from Dr. Guohong Hu (Chinese Academy of Sciences) that has been frequently used by us and many other groups [36, 37] . Cells was cultivated in DMEM (Hyclone, Logan, Utah, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, Utah, USA) and 1% penicillin/ streptomycin (Mediatech, Manassas, VA, USA).
Animals
All procedures were approved by the institutional Ethics Committee on Ethics of Biomedicine, Second Military Medical University. Tumor cells were resuspended in PBS at a final concentration of 1 × 10 6 cells/ ml. Nude mice were anesthetized with isoflurane. One × 10 5 tumour cells were injected into mice via the intracardiac route as described previously [18, 37] . Bone metastasis were observed by noninvasive luciferase imaging, after 12-14 days.
Flow cytometric analysis
BM cells were flushed from femurs with PBS containing 2% FBS (Hyclone, Logan, UT, USA). Single cell suspensions were prepared by using a 70 µm filter and then red blood cells were deleted by incubating with red blood cells lysis buffer (Biolegend, San Diego, CA). Cells were incubated with Gr1-PE and CD11b-FITC fluorescence conjugated antibodies (Biolegend, San Diego, CA) for 20 min at room temper. Analysis was performed on a flow cytometer BD FACSCalibur (Becton Dickinson).Data was analysed by using BD CellQuest Pro software. For BM derived MDSCs sorting, BM cells were labelled with anti-Gr1-PE antibody and followed by incubating with anti-PE magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and then MDSCs were isolated by running the cell samples on AutoMACS (Miltenyi Biotec).
ShRNA transfection
For knockdown of EDIL3 in MDA-MB-231 cell line, lentiviral vectors encoding shEDIL3 and control shRNA were used to target EDIL3 mRNA. A pool of three lentiviral shRNAs targeting human EDIL3 were transfected into tumor cells via using Xfect transfection reagent (CloneTech, Mountain View, CA) following the manufacturer's instructions and selected by puromycin treatment.
In vitro osteoclast differentiation
One × 10 5 BM derived MDSCs were seed into 96-well plates and cultured in α-minimum essential medium (αMEM) supplemented with 10% FBS, 25 ng/mL recombinant murine macrophage-colony stimulating factor (M-CSF) (R&D Systems, UK) and 50 ng/mL receptor activator of NF-κB ligand (RANKL) (R&D Systems, Minneapolis, MN, USA), in the presence of increasing concentration of recombinant EDIL3 (R&D systems, Abingdon, UK). Media was replaced every 3 days and cells were maintained for up to 15 days for differentiation. Tartrate-resistant acid phosphatase (TRAP) staining was performed using TRAP kit (Sigma-Aldrich, St Louis, Missouri, USA) followed the manufacturer's procedure. TRAP positive cells were counted in each well (cells containing more than 3 nuclei were considered as TRAP positive cells). And Nine sections were counted in each separate experiment. Slides were viewed using a Nikon Eclipse Ni-E microscope. For some assays, MDSCs were pre-treated with antibody against CD11b or CD11a (Biolegend, San Diego, CA) or isotype control (Biolegend, San Diego, CA) (10 µg/ ml).
BM derived MDSCs inducing in vitro
To acquire MDSCs in vitro, BM cells were cultured in the presence of GM-CSF and IL-6 as described previously [38, 39] . Briefly, BM cells were flushed from long bones of mice. Red blood cells were lysed using red blood cell lysing buffer and then 2.5 × 10 6 cells were seeded into 100 mm diameter dishes (Corning) in α-MEM supplemented with combinations of GM-CSF (40 ng/ml) and IL-6 (40 ng/ml) cytokines (R&D, Minneapolis, MN). For some groups, BM cells were exposed to increasing concentrations of recombinant EDIL3 (rEDIL3). Cells were maintained at 37°C in 5% CO2-humidified atmosphere for 4 days and analysed by flow cytometer as described above.
Quantitative RT-PCR
Total RNA was extracted from cells using TRIzol reagent (Takara, Japan). RNA was reversetranscribed into cDNA with PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara, Japan). Real-time PCR was performed on a 7300 Real-Time PCR System (Applied Biosystems) using a Power SYBR Green PCR Master Mix (Applied Biosystems; Foster City, CA, USA). Data were analyzed using the 2 -ΔΔCT method. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control to normalized the expression of target genes. The primer sequences we used here were present in Table S1 .
Bone TRAP staining
Long bones were isolated from mouse bodies after they were killed and fixed in 10% formalin for 48 h at room temperature. Then bones were decalcified in 10% EDTA for 2 weeks at 4°C and embedded in paraffin. Five µm-thick sections were stained by TRAP kit (SigmaAldrich) to evaluate osteoclast differentiation in accordance to the manufacturer's procedure. Stained bone sections were examined under a microscope and osteoclasts number was quantified using Metamorph software (Molecular Devices).
Western blot analysis
The tumor cells transfected or not with shRNA were lysed using RIPA Lysis Buffer supplemented with protein inhibitor on ice. Protein concentration was determined by the BCA Protein Assay Kit (Thermo Scientific). Protein was separated by SDS-PAGE and transferred on to PVDF membranes (Millipore). after being blocking by 5% non-fat dry milk with Tris-buffered saline (TBST) for 1 h, the membranes were reacted with primary antibody, and then incubated with DyLight 800-conjugated secondary antibody and scanned with LI-COR Infrared Imaged Odyssey (Gene Company Ltd.). The primary antibodies used here are EDIL3 (Ag3274, 1:3000; Proteintech Group, Inc., Chicago, IL, USA) and GAPDH (2118, 1:1000; Cell Signalling Technology, Beverly, MA, USA).
Micro-CT analysis
To conduct Micro-CT analysis, the bone was scanned by X-ray microtomography (Skyscan 1076, Bruker microCT) at a 15-µm resolution. The results were analysed in accordance to the manufacturer's instructions. The tibial trabeculae of the proximal metaphysis below the growth plate (0.228-1.85 mm) was considered as the region of interest (ROI).
Statistics
Data were analyzed by ANOVA and the Dunnett's multiple-comparison test using GraphPad Prism 6 (GraphPad Software Inc.). Comparisons of two groups were performed by unpaired t-test. All data were presented as means ± SEM. P<0.05 were considered to be statistically significant. * p < 0.05, ** p < 0.01, *** p < 0.005.
Result
Tumor derived EDIL3 inhibits MDSCs expansion in vivo
High expression of EDIL3 is closely related to breast cancer and predicts worse outcome in especially triple-negative breast cancer (TNBC) [32] . To investigate the correlation between EDIL3 and MDSCs in breast cancer, EDIL3 knockdown was performed in MDA-MB-231 tumor cells and confirmed by western blotting (FIG S1) . Then we inoculated immunodeficient nude mice with tumor cells via intracardiac route. Approximate two weeks after inoculation, mice were sacrificed and BM cells were flushed from long bones and incubated with CD11b-FITC and Gr1-PE fluorescence conjugated antibodies. CD11b + /Gr1 + cells expansion was analysed by FACS. MDSCs expansion was observed in tumor bearing mice as reported previously, that MDSCs reach more than 60% of total cells, while the ratio of MDSCs account for approximate 40% of total cells in normal mice. However, this ratio decreased significantly in mice inoculated with MDA-MB-231 cells, in which EDIL3 was knocked down (Fig. 1A and B) . These data indicate that EDIL3 is beneficial for MDSCs expansion in this murine breast cancer model.
EDIL3 fails to promote MDSCs differentiation in vitro
It has been reported previously that MDSCs can be generated in vitro from BM cells in the presence of GM-CSF + IL-6 combination [38, 39] . Based on the results obtained in vivo, we further investigated whether EDIL3 could promote MDSCs differentiation in vitro.
Increasing concentrations of recombinant EDIL3 (rEDIL3) were added to BM cells cultures in the presence of GM-CSF + IL-6 combination to evaluate the effect of rEDIL3 on MDSCs generation in vitro. Beyond our expectation, no difference in the ratio of CD11b + /Gr1 + cells to total cultured BM cells was observed between non-rEDIL3 group and rEDIL3 affected groups ( Fig. 2A and B) . Our results suggested that EDIL3 failed to enhance the expression of both CD11b and Gr1 markers in BM cells cultured with GM-CSF + IL-6 combination.
EDIL3 decreases tumor induced MDSCs differentiation into osteoclasts in vitro
EDIL3 is a crucial factor involved in osteoclast differentiation in inflammatory disease [28, 29, 31] . Here, we focused on the effect of EDIL3 on tumor induced MDSCs as osteoclast progenitor cells. Using MACS sorting, we isolated BM derived MDSCs from mice bearing MDA-MB-231 tumor cells. The purity of CD11b + /Gr1 + cells met the requirements of following assays (FIG S2) . MDSCs were stimulated by increasing concentrations of rEDIL3 under osteoclastogenic condition and TRAP straining was performed to evaluate osteoclastogenesis. We found that MDSCs differentiation into osteoclasts was dose-dependently inhibited by rEDIL3 ( Fig. 3A and B) . We further examined the expression of nuclear factor of activated T cells c1 (NFATc1), calcitonin receptor (CTR), cathepsin K, and TRAP which are osteoclast differentiation and functional markers [30] , and found that the expression of these markers was also inhibited (Fig. 3C) , consistent with results of TRAP straining. Therefore, EDIL3 negatively regulates MDSCs differentiation into osteoclasts in vitro.
EDIL3 inhibits MDSCs differentiation toward osteoclast via binding to Mac-1 (CD11b/CD18) but not LFA-1 (CD11a/CD18)
Previous study has reported that EDIL3 suppress NFATc1 by binding to Mac-1 but not LFA-1 in murine RAW264.7 macrophages [30] . NFATc1 is considered as a key transcriptional factor required for osteoclastogenesis and modulates expression of many genes involved in osteoclast differentiation and function [40] . So we hypothesized that EDIL3 inhibited MDSCs differentiation toward osteoclast follow the same mechanism. Indeed, the effect of EDIL3 on NFATc1 expression was significantly inhibited by blocking CD11b but not CD11a (Fig. 4A) . Because B cell lymphoma 6 (Bcl6) is a transcriptional repressor of NFATc1, we also examined Bcl6 expression and found Bcl6 expression was CD11b-dependently upregulated (Fig. 4B) .
Diminished osteoclast differentiation is observed after down-regulating EDIL3 in tumor cells
EDIL3 was knocked down in MDA-MB-231 cells which were injected into nude mice via intracardiac route. Two weeks later, long bones were obtained from tumor bearing mice and the TRAP straining of tibia sections indicated that significantly increasing of osteoclast number occurred in mice inoculated with EDIL3-knockdown tumor cells compared with normal tumor cells (Fig. 5A and B) . Moreover, micro-CT analysis were performed and we found that the trabecular bone volume and trabecular thickness significantly decreased in EDIL3-knockdown tumor cells bearing mice Fig. 6 , consistent with what we observed in TRAP straining of bone sections. In sum, osteoclast differentiation is suppressed by tumor derived EDIL3 in this breast cancer model.
Discussion
In this study, we demonstrated that tumor derived EDIL3 promoted MDSCs expansion in bone marrow. Consistent with previous study results [14, 18] , we observed that tumor induced MDSCs isolated from bone marrow could differentiate into osteoclasts under osteoclastogenic condition. Moreover, EDIL3 dose-dependently inhibited MDSCs differentiation into osteoclasts in vitro via binding to Mac-1 but not LFA-1. However, EDIL3 had no effect on generation of MDSCs in vitro from bone marrow cells. Our work aimed to explore the association between EDIL3 and BM-derived MDSCs in TME.
To our knowledge, most studies related to MDSCs in cancer prefer their immunosuppressive role [4, 9] . Recently, MDSCs were introduced as osteoclast precursors in some studies which revealed another face of this heterogeneous population of myeloid cells [6, 14] . In breast cancer, prior studies have demonstrated that bone marrow MDSCs were characterized by the capacity of differentiation into osteoclasts in a TME dependent manner [18] . These findings raise a question about the mechanism for manipulating osteoclastogenesis of MDSCs in TME. Effect of r-EDIL3 (2 µg/ml) on Nfatc1 (A) and Bcl6 (B) mRNA expression during osteoclastogenesis of MDSCs which were pre-treated with antibody against CD11b or CD11a. Bcl6 and Nfatc1 expression was determined at 24 and 12 h, respectively. Data were normalized to β-actin mRNA and are relative to undifferentiated controls. All data are means ± SD (n = 5).
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Hence we supposed that some factors derived from tumor cells must be involved in this process. Indeed, our data indicate that EDIL3 plays a suppressive role in osteoclastogenesis of MDSCs in vitro. However, it has been demonstrated that EDIL3 is highly expressed in MDA-MB-231 tumor cells [32, 33] , and tumor cells induced osteoclastogenesis of MDSCs deteriorates bone loss [12] . Our observations that tumor derived EDIL3 inhibits osteoclastogenesis of MDSCs seem to be paradoxical with previous studies. The possible explanation is that endogenous EDIL3 is a homeostatic anti-inflammatory factor [27] . Moreover, osteoclastogenesis is indirectly regulated by tumor secreted hormones and directly regulated by osteoblasts derived RANKL in tumor-bearing host [24, 25] . Interestingly, as an important component of HSCs niche, EDIL3 promotes osteoblasts differentiation [41] , and the interaction between osteoblasts and MDSCs is needed to be illuminated further. One limitation of our study is that the validity of these results is based on in vitro condition, so it is not known whether our results are applicable to in vivo experiments. Bone marrow is considered to be the main site of MDSCs accumulation in divers carcinomas including breast cancer [9] . In line with previous studies [42] , we observed that MDSCs accounted for approximately 70% of total BM cells in a murine breast cancer model. We further found that knockdown of EDIL3 in tumor cells brought down the expansion of MDSCs in bone marrow. This result ties well with a previous study that EDIL3 promoted myelopoiesis of hematopoietic stem cells [35] . To confirm the role of EDIL3 in MDSCs generation from BM cells, we cultured BM cells in the medium supplemented with GM-CSF+IL-6 cytokines combination which was reported previously to foster MDSCs generation in vitro [38] . However, the results in vitro were not in accordance with our observation in vivo (Fig 2A and B) . We speculate that this might be due to the imperfect simulation of HSCs niche in vitro with combination of GM-CSF+IL-6 cytokines. Actually, myelopoiesis under TME is complicated and varied factors implicate in tumor induced MDSCs differentiation, such as prostaglandin E2 (PGE2), interleukin 10 (IL10), IL-1β, stem cell factor (SCF), transforming growth factor (TGF)-β and vascular endothelial growth factor (VEGF) [4, 6, 9] . Therefore, possibly, tumor secreted EDIL3 promotes MDSCs expansion indirectly.
Inhibition of leukocyte-endothelial adhesion via binding to LFA-1 is one of the main functions of EDIL3 in inflammation-associated diseases [27, 29] . Recently, it has been reported in RAW264.7 cells that EDIL3 suppress expression of NFATc1, which induce many osteoclast-specific genes expression, and then inhibited osteoclastogenesis via binding to Mac-1 but not LFA-1 [30] . In this study, our results (Fig. 4A) were consistent with those reported previously. Therefore, our data support the previous contention that MDSCs are a population of osteoclast precursors.
MDSCs direct differentiation into osteoclasts has been demonstrated previously in murine breast cancer model [18] . In addition, inflammatory disorders associated bone loss can be blocked by EDIL3 [29, 30] . So we hypothesized that tumor derived EDIL3 possibly inhibited osteoclastogenesis and further impeded bone loss. Indeed, our results from micro CT and TRAP straining of bone sections support this speculation, despite we are not certain whether this effect is related to ablated osteoclastogenesis of MDSCs by EDIL3.
Previously, it was reported that high EDIL3 expression was associated with high invasive activity and metastasis of tumor cells as well as worse outcome [32] . As is known, MDSCs accelerate tumor development and metastasis by immune and non-immune mechanisms [4, 11] . In summary, the present study showed that EDIL3 promoted MDSCs expansion but hampered their osteoclastogenesis. Moreover, the limitations of the present study are apparent, including the nude mouse model and single breast cancer cell line used here. It's urgent to investigate if the same result could be acquired in immune-competent mouse and other tumor cell lines in the future. 
